The genomes of three bacteria (Haemophilus inJEuenzae, Mycoplasma genitalium, and Escherichia coli) and two eukaryotes (Saccharomyces cerevisiae and Caenorhabditis elegans) were compared. The distribution of their putative open reading frames (ORFs) was studied, and several conclusions were drawn: (1) All of these genomes, even the smallest, exhibit a significant proportion (7%-30%) of duplicated ORFs. This proportion is a function of genome size and appears unrelated to the bacteria/eukaryote division. (2) Some of these ORFs constitute families of up 20 or more members. (3) The levels of sequence similarity within these families are highly variable and their distribution is different among bacteria and eukaryotes. (4) In yeast, there are topological relationships between members of the same family. The paired ORFs are frequently in the same orientation with regard to their respective telomeres and located at comparable distances from them.
Introduction
The role of gene duplications in evolution has been studied for a long time. Up to now, a large part of this work was devoted to the relationship between duplications and the acquisition of new functions. In the neutral theory of molecular evolution (Kimura 1983) , the duplication of a gene relaxes the selective constraints exerted on one of the two copies, then allowing the accumulation of mutations leading to the emergence of a new function. Several theoretical models have been developed to estimate the importance of this phenomenon. Ohta (1988) confirmed the importance of constraint relaxation on one of the two copies for the acquisition of a new function. In a more recent model, Walsh (1995) reinforced this idea, considering that, in large populations, a duplicated gene is more likely to give rise to a new functional gene than to a pseudogene.
Several projects to sequence entire genomes have been undertaken recently. Three of them have been completed: two bacterial genomes, those of Huemophilus injluenzue (Fleischmann et al. 1995) and Mycoplusma genitulium (a very small genome of 0.58 Mb) (Fraser et al. 1995) , and one eukaryote genome, that of budding yeast Succhuromyces cerevisiue (Goffeau et al. 1997 ). Sequence information is also available for the genomes of Escherichiu coli and Cuenorhubditis eleguns (vide infra). A sufficient amount of sequence data from various organisms is thus available for investigating the structural organization of these genomes. The first demonstration of the existence of duplicated regions in yeast came from the work of Lalo et al. (1993) , which showed, unambiguously, a large duplication between chromosome III and XIV covering the two centromeric regions. A rough estimation, based on these results and on the previously sequenced yeast chromosomes (Oliver et al. 1992; Dujon et al. 1994; Feldmann et al. 1994) , predicted that ca. 40% of the genome was duplicated, this peculiarity possibly being specific to the budding yeast. It was thus tempting to use budding yeast to study genome duplication and to extend this analysis to other organisms, both eukaryotes and bacteria.
In the present work, we concentrated on the open reading frames (ORFs) revealed by these sequencing projects, using them as milestones on the genomes. The sequence similarities among the ORFs revealed that many of them are related and that they can frequently be organized into families. We have shown that a large extent of genome duplication is not only characteristic of yeast, but is a property shared by all the organisms studied (eukaryotes or bacteria), including M. genitulium, initially chosen for its small genome thought to possess a minimal gene set (Fraser et al. 1995) . Assuming that the topological relationships between the members of these families correspond to the imprinting of physical rearrangements during chromoid or chromosome evolution, we demonstrate the importance of telomeres for duplication mechanisms in yeast.
Materials and Methods

Construction of ORF Databases
All the sequences analyzed were obtained from systematic sequencing projects in order to avoid bias in the sequence selection.
A4ycoplusmu genitulium
The sequence of the complete M. genitulium chromoid (0.58 Mb) revealed 470 ORFs (Fraser et al. 1995) .
Huemophilus influenzue
The sequence of the complete H. injluenzue chromoid (1.83 Mb) revealed 1,680 ORFs (Fleischmann et al. 1995) .
Escherichiu coli
The E. coli sequence analyzed corresponds to a contig of 1.6 Mb localized on the genetic map between positions 4.1 min and 67.4 min. It corresponds to one third of the complete genome. This contig results from the assembly of the following EMBL database entries: U18997, UOOO39, L10328, L19201, UOOO06, U28379, and U14003 (Daniels et al. 1992; Blattner et al. 1993; Burland et al. 1993; Plunkett et al. 1993; Sofia et al. 1994) . In this region, 1,296 ORFs have been described.
Saccharomyces cerevisiae
The S. cerevisiae sequence analyzed corresponds to the complete genome. The set of ORFs was described by the Martinsried Institute for Protein Sequences (MIPS) April 24, 1996 (all of these sequences are available on the MIPS Web server http://speedy.mips.biochem.mpg.de/ mips/yeast). This set of data was filtered in order to eliminate all the overlapping ORFs. When two ORFs were shown to overlap, the shorter one was eliminated. The ORFs corresponding to the genes TYA and TYB of the yeast transposable element Ty have also been eliminated. Five thousand six hundred ninety-seven ORFs covering 11.2 Mb were conserved. The data do not include the rDNA cluster localized on chromosome XII (Oliver et al. 1992; Dujon et al. 1994; Feldmann et al. 1994; Johnston et al. 1994; Bussey et al. 1995; Murakami et al. 1995; Galibert et al. 1996) .
Caenorhabditis elegans
There is no large contig available from the C. elegans genome project, but a large number of cosmids have been retrieved from the FTP anonymous server of the Sanger Institute (ftp://ftp.sanger.ac.uk/pub/databases/ C.elegans sequences). We have used 346 cosmids covering 10.5 Mb (10% of the total genome size) within 1,903 ORFs that have been described.
Construction of Duplication Databases
The duplication databases were constructed in three steps. All of these steps were accomplished automatically on a SPARC 20 SUN workstation.
For this purpose, several small programs were written in PERL language.
First
Step: ORF Pairing A BLAST formatted database was constructed from the set of all ORFs. Each ORF was compared to the whole set <by the program BLASTP version 1.4 (Altschul et al. 1990 ) using the similarity matrix PAM250 (Dayhoff, Barker, and Hunt 1983) . All of the ORFs exhibiting a P score smaller than 0.01 were conserved. Obviously, this first step was not fully selective, and many ORFs forming nonsignificant pairs were retained.
Second Step: Statistical Validation of the Pairs
To select only paired ORFs having comparable lengths and exhibiting homology over their entire sequences, we used a program developed in our laboratory that is based on a simplified version of the Needleman and Wunsch (1970) algorithm. In this version, only the score matrix was calculated, and the alignment was based on a strict identity between amino acids. The absence of reference to any similarity matrix allowed an important gain in the calculation time. First, the score, X, of the alignment of a given couple of ORFs (seqA and seqB) was calculated. Then, two sets of random peptides (ranA and ranB) were constructed from the composition in amino acids of seqA and seqB. The score, 2, was calculated for each pair of ORFs. This score is defined as 2 = (X -X)/ox, (X being the score of the alignment between seqA and seqB, X the average of the scores of the alignment between seqA and the peptides of ranB and between seqB and the peptides of ranA, ax the standard deviation of these scores). The score 2 was shown to give an estimation of the statistical significance of the alignment (Needleman and Wunsch 1970) . Five parameters may be introduced: the total number N of random peptides (N/2 peptides generated from seqA and N/2 from seqB), the match bonus M, the mismatch penalty P, the gap penalty G, and the gap extension penalty E. For our set of data, we have established that a score 2 1 10, calculated with the parameters N = 100, M = 5, P = 5, G = 10, and E = 10, resulted almost exclusively in retention of pairs of ORFs having similar lengths and exhibiting a homology distributed along their entire amino acid sequences, By this type of analysis, an ORF either is unrelated to any other ORF or is related to one or several other ORFs by one or several relationships, here called "links."
Third Step: Calculation of the Levels of Identity and Similarity
After validation of the pairs of ORFs, their levels of identity and similarity were calculated using the program CLUSTAL V and the similarity matrix PAM250 (Higgins 1994) . The percentages of identity and similarity were calculated with regard to the whole length of the sequence alignment.
Results
Using the methodology described above, we undertook a systematic study of the genomes of two eukaryotes (S. cerevisiae and C. elegans) and three bacteria (H. influenzae, M. genitalium, and E. coli) and addressed several questions: 1.
2.
3.
4.
5.
6.
Are there significant differences among the organisms studied, notably between eukaryotes and bat teria? How many ORFs can be grouped into families of proteins exhibiting significant levels of similarity? What are the sizes of these families, if they exist (duplications, "triplications," or more), and do they constitute coherent sets? What are the levels of similarity within these families? Can one detect groups of ORFs duplicated simultaneously? How are members of the same family distributed along the genome?
All Organisms Tested Exhibit a Significant Level of Genomic Duplication
The algorithms described in Materials and Method5 allowed us to classify the ORFs of each organism into families composed of one, two, three, or more members, The results are presented in table 1. 1064 Coissac et al. b) The definition of families being established, the Methods) were established with other ORFs in the same genome is indicated.
first conclusion which can be drawn from the data pre-
The total or partial (C. elegans and E. coli) genome size and the number of sented in table 1 is that all the organisms tested exhibit more) ORFs, even when the genome is as small as it is in the case of A4. genitdium (0.58 Mb). The distribution of the sizes of ORF family indicates that the number of duplicated ORFs increases with the size of the genome. At first sight, one would expect that the number of However, some analyses were done on complete geORFs in a given class would be a multiple of the family nomes (S. cerevisiae, H. influenzae, M. genitalium), size (for example, 5, 10, 15, . . . , ORFs in the family whereas some others are based on only partial data (C. of size 5). This is not always the case, and this apparent elegans, E. coli), and this difference obviously introdiscrepancy has to be explained. In fact, our methodduces a bias in the results. In order to circumvent this ology consists of establishing relations (or "links") beproblem and compare the levels of duplication indepentween a given ORF used as a query and all other ORFs. dently of the genome size, we have generated, for each It means that a single pair of ORFs generates two links, species, several subsets of an increasing number of A+B and B+A. The number and the nature of these ORFs. In each one of these subsets, the number of dulinks create a "family."
For example, if two ORFs (B plicated ORFs is determined by the same method as for and C) exhibit, by the criteria described above, a sigthe complete data set. The features of the curve relating nificant similarity with ORF A (see fig. 1 , links A+C the numbers of duplicated ORFs as a function of the and A+B), they can, in turn be used as queries. Two size of the subset can be used to compare the levels of kinds of results can then be obtained: (1) The latter tests duplication independently of the genome size ( fig. 2 ). It do not reveal new ORFs ( fig. la) . Therefore, the family appears that the differences between organisms are very grouping the ORFs A, B, and C is closed and defined small. If we consider the slope of the curve as an index by the links A+B, B+A, A+C, C+A, B+C, and of duplication independent of the genome size, it is im-C+B. For each species, a large number of ORF subsets have been randomly generated from the total ORF set of the organism. The sizes of these subsets vary from five to the size of the total set by steps of five. For each size, two subsets have been generated. In each one of these subsets, the number of duplicated ORFs was established. The resulting curves for all tested organisms are plotted, showing the variation of the number of duplications as a function of the subset size. To take into account the differences between the genome sizes, the same plot has been enlarged to different scales: (a) O-6,000 ORFs, (b) O-2,000 ORFs, and (c) O-500 ORFs.
Riley 1995; Tatusov et al. 1996) in spite of the fact that the study was focused on the functional implication of the duplications.
Using the preceding criteria, it seems that there is no qualitative difference between the eukaryotes and the bacteria. However, the comparison of these two groups shows quantitative differences which have to be analyzed further. If one considers the distribution of the sizes of the various families (table l), it seems that the number of large families is greater for eukaryotes than for bacteria. To quantify this observation, we divided the families into three classes (small families of two members, medium families of three or four members, and large families) and tested the fit of the resulting distributions to two mutually exclusive hypotheses. The first hypothesis assumes a unique distribution common to eukaryotes and bacteria. The second hypothesis is based on distinct distributions for the two phyla. The results are presented in table 2 and show that there are at least two types of distribution, one for eukaryotes and one for eubacteria. The difference between these two distributions is essentially based on the number of large families, which is greater in eukaryotes than in bacteria.
Distribution of the Percentage of Identity
Another point of interest is the analysis of the level of identity observed among members of the same family. Figure 3 shows the distribution of the percentage of amino acid identity calculated between such paired ORFs. The filter applied to define these pairs is based NOTES.-TO test if the eukaryotes exhibit significantly larger families than the bacteria, we divided the duplicated ORFs into three classes: a poorly duplicated ORF class (ORFs with one link), a highly duplicated ORF class (more than three links), and an intermediate one (two or three links). A classical conformity test (x2) was performed for the three possible distribution types: the "general" distribution model, where the distribution of family sizes is the same for all the organisms (for this first hypothesis, a global x2 was calculated); the "bacterial" distribution model, which is defined by the addition of E. coli and H. injluenzae ORFs; and the "eukaryotic" distribution model, which is defined by the addition of S. cerevisiue and C. elegans ORFs. For the last two models, the x2 was calculated for each species. This table summarizes the results for all thse tests by indicating the x2 values and the number of degrees of freedom. Values in bold correspond to nonrejected hypotheses, with a risk of 5%.
on the Z score (see Materials and Methods). We used a minimal 2 score of 10, which corresponds here to a threshold of amino acid identity between 15% and 25%. Therefore, it is not surprising that features common to all species are observed, particularly the decreasing number of ORF pairs with an identity below 30% and their absence under 15%. All the species exhibit distributions situated primarily between 15% and 45% with a mean value around 25%-30%.
In addition, an excess of pairs with a high level of identity is present in eukaryotes, especially in S. cerevisiae, in which one fourth of duplicated ORFs present a level of identity over 65%.
Topology of Duplicated ORFs
We analyzed the topological relationships between the two members of pairs of duplicated ORFs (characterized as described in the previous paragraph). Because this analysis preferentially requires the comparison of complete chromosomes, this question is more easily addressed when the complete sequence of the organism is available, i.e., for S. cerevisiae, H. injluenzae, and A4. genitalium. The method used consists simply of drawing a two-dimensional graph in which each axis represents a chromosome.
A pair of duplicated ORFs is revealed by a dot located at the intersection of the positions of each ORF on its chromosome.
For the bacteria, the two axes obviously represent the same unique chromosome (Fig. 4) . We have shown the results only for the two complete genomes of H. injluenzae and M. genitalium, but a similar result is observed with the partial data from E. coli. It clearly appears that the dots are dispersed almost randomly over These histograms show, for the five organisms analyzed, the distribution of the level of amino acid sequence identity between duplicated ORFs (i.e., ORFs exhibiting at least one link with another ORF in the genome). Each plot represents, at the same scale, the complete genome of a bacterium (H. injfuenzae or M. genifulium) compared with itself. The axes correspond to linear maps of the genomes. For each duplication, a dot is plotted at the intersection of the positions of the two members. Dots seem to be distributed randomly all over the graph. Dots on the diagonal correspond to tandem duplications.
The density of dots is equivalent on the two graphs, suggesting a similar level of duplication in the two species H. injhenzae and M. genitalium.
the whole graph area. The points on (or near) the diagonal correspond, in these bacterial species, to tandemly duplicated ORFs. With these exceptions, the localization of duplications does not seem to follow any clear topological rules. In particular, the duplication of several adjacent ORFs cannot be detected.
In the same analysis performed on S. cerevisiae, the two axes of the graphs correspond to any one of the 16 chromosomes. Figure 5 shows examples obtained for some combinations, namely the comparison of chromosomes X and XI, III and XIV, and VIII and XIV It is apparent from these examples that one can find several groups of dots which are roughly aligned (gray boxes), this result is indicative of the coduplication of several ORFs in a row. We have undertaken a systematic search for such coduplications based on two selective criteria: (1) at least four ORFs must be clearly aligned on the graph, and (2) these ORFs must maintain their relative orientation on each chromosome.
A schematic example is given in figure 6 , corresponding to a coduplication between chromosomes II and V. One can notice that the pairs of duplicated ORFs are frequently interspersed with nonduplicated ones (forming "loops"). Assuming the initial event must be the coduplication of several adjacent ORFs, this dislocation could be, a priori, the consequence of three nonexclusive phenomena:
(1) the divergence of initially duplicated ORFs to such an extent that they are no longer detected as duplicated by our criteria, (2) the differential deletion of one member of a previously existing duplicated ORF pair, or (3) the insertion of previously absent sequences.
The analysis of the complete yeast genome revealed 46 groups of four or more cooriented duplica- It is important to stress that these ORFs are colinear and in the same orientation on the two chromosomes.
This set of ORFs must be part of the original duplication. The ORFs localized in "loops" (light gray arrows) may be the consequence of insertion, deletion, or divergence during the evolution of the two copies. The percentage of identity between paired ORFs is very variable from one pair to another in the same chromosomal duplication, thus being useless for dating of the initial duplication event.
tions (table 3) . These duplicated regions are found on all 16 chromosomes, extend over 5.7 Mb (half of the whole genome), and include 2,726 ORFs (among which only 670 [= 335 X 21 are really duplicated). Furthermore, when several independent coduplications affect the same chromosome, it is possible to have an overview of their topological distribution. An example is given in figure 7 , which shows that one can identify blocks of duplications all along chromosome IV, over roughly one half of its total length. Similar studies have been performed on DNA sequences by the MIPS group (Mewes et al. 1997 ) and on protein sequences by Wolfe and Shields (1997) . These two studies also show large duplicated blocks, the latter study proposes the hypothesis of an ancient duplication of the entire yeast genome. As mentioned above in the analysis of the whole genome, 392 ORFs out of the 724 present on the chromosome are involved in the duplications, but of these, only 93 are duplicated. This apparently low proportion will be discussed later. The total number of pairs of ORFs (table 2, right column) in the 46 blocks fulfilling the previously described criteria of selection is 335 (i.e., 670 ORFs and 335 X 2 links). This number has to be compared to the total number of (1,027 + 255 + . . . + 3) = 1,935 ORFs, members of a family of two or more members and ((1,027 X 1) + (255 X 2) + (126 X 3) + . . . + (3 X 22)) = 4,746 links corresponding to 2,373 pairs (see table 1 ). The difference, due to the stringency of our initial screening, includes duplicated ORFs for which the coduplication of neighbor sequences cannot be established, or involves less than four pairs (vide supra). These are then considered as isolated ORFs, but it remains that, on their respective chromosomes, the topological relationships between the members of these 2,038 (2,373 -335) pairs can be analyzed.
For this purpose, we have investigated the frequency of coorientation of these ORFs on each chromosome arm with regard to their respective telomeres. In order to avoid artifacts due to some genomic peculiarity of yeast, we have compared two genomes, the first one being the "natural" genome of S. cerevisiae, the second one, used as a control, being a genome (in fact, two independently generated ones) in which the positions of the ORFs have been conserved but their orientations with regard to the telomere have been randomly redistributed. The results are unambiguous:
The "control" genome gives, as expected, a value of coorientation of the ORFs of 50%, consistent with its random original construction.
The "natural" genome exhibits a significantly different organization due to a strong bias in favor of the coorientation of duplicated ORFs on their respective chromosomal arms. Among the 2,038 pairs, it appears that 1,285 (63%) exhibit ORFs in the same orientation, this value being incompatible with a random distribution (x 2 = 138.8). This result, which will be commented on more detail in the Discussion, demonstrates that whatever the mechanism of duplication, the locations of the concerned ORFs on the chromosome are important.
It should also be noted that some pairs of ORFs are located on the same chromosome. Several observations can be drawn from the study of these pairs: (1) The number of ORFs in these pairs (79) is very close to the number (76.5) predicted in the case of a random distribution of the ORFs on the 16 chromosomes. (2) Fifty-six pairs (7 1%) exhibit cooriented ORFs, 33 (out of 47) on the same chromosomal arm, 23 (out of 32) on two different arms. (3) Among the 47 ORFs located on the same arm, 25 are separated by less than 10 kb, 23 of these 25 being cooriented and the remaining two being in opposite orientation and separated by 828 nucleotides.
Discussion
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c Coordinates of the limits of the duplicated blocks are given in base pairs from the left telomere of each chromosome. Underlined coordinates correspond to coduplicated regions which are both very close to their respective telomeres (less than 30 kb). For comparison, the sizes of the 16 chromosomes are, respectively, I: 230,195; II: 813,137; III: 315,354; Iv: 1522,191; v: 574,860; VI: 270,148; VII: 1,090,936; VIII: 562,638; IX: 439,885; X: 745,443; XI: 666,448; XII: 1,078,171; XIII: 924,430; XIV: 784,328; XV: 1,091,282; and XVI: 948,061 
Duplications are Widely Represented in All Tested Organisms
Several conclusions can be drawn from the comparison of the various genomes studied (keeping in mind the restriction that our analysis concerns only a limited sample of species):
Duplications of genes have taken place in both phyla studied (eukaryotes and bacteria), and therefore they are neither the consequence of the physical organization of the genome (circular and unique chromoid vs. linear and multiple chromosomes) nor correlated with their replication processes (one replicon vs. rnitosis and meiosis). Duplications are not a prerogative of large genomes, although the number of duplicated ORFs is more or less a function of genome size (see fig. 2 ). Among the eukaryotes studied (S. cerevisiae and C. elegans), there is no apparent difference between unicellular and multicellular organization. The main distinction between eukaryotes and bacteria concerns the proportion of ORFs exhibiting a high level of similarity, which is significantly increased for the two eukaryotes ( fig. 3) . At the present stage of our analysis, it seems difficult to suggest any convincing interpretation for this observation, whatever the model: different rates for the molecular clocks in both phyla, a more ancient origin of duplications in bacteria, more active homeologous recombination and homogenization in eukaryotes, etc.
In Yeast, the Positions of the Duplicated ORFs and Their Orientations are Correlated with the Telomeres
The mechanisms by which duplications are built are still a matter of speculation. Furthermore, if recombination and/or conversion must take place at some time during the initial process, what we observe now is also the result of subsequent events leading to chromosome shuffling. However, although it would be naive to hope to find clear-cut and untouched consequences of the initial events, we think that it is still possible to identify their traces in the present genomes.
The topology of each chromosome is essentially defined by the landmarks which are its centromere and telomeres. We asked a simple question: Is there any indication that these structures have played some role in the initial duplicative process, and can one find a significant trace of this role?
In order to answer this question, we systematically analyzed the respective positions of the ORFs engaged in the 4,746 links previously described. The relative distances either to their telomeres or to their centromeres were compared, and a graphic representation is shown in figure 8 . A control genome was also built by a randomly generated relocalization of the paired ORFs anywhere on the 16 chromosomes.
It clearly appears that a correlation (correlation index r = 0.71) is observed if one takes into account the distances to the telomere ( fig.  8a) , whereas the correlation is weak (r = 0.19) for the distances to the centromere ( fig. 8b) . In fact, visual inspection of the graph in figure 8a reveals a higher den- sity of dots along the diagonal. In both cases, the random genome gave very low correlation indices (r = 0.0075 and r = 0.015), this background being the consequence of topological constraints associated with the various lengths of the 16 chromosomes.
The correlation with telomeric distances can be further studied if one subdivides the pairs of ORFs into two groups ( fig. 8~ ). One can see that the global correlation (r = 0.71) was mainly due to the subgroup of cooriented ORFs (r = 0.80), whereas the contribution of the noncoorientated ones is much lower (r = 0.21).
However, there could be a bias in favor of the super-families composed of many members. For example, a family of 20 members corresponds to 20 X 20 = 400 links and therefore has an abnormally high weight among the 4,746 links. This bias can be visualized on the lower left part of the diagonal ( fig. 8a and c) . To eliminate this problem, we performed the same type of analysis on the links issued from small families only. Figure 8d shows the results obtained with the 1,027 links restricted to families of two members. There is still a good correlation with telomeric distances (r = 0.48) which is mainly due to the subgroup of 73.5% of cooriented ORFs (r = 0.56). The statistical robustnesses of the correlation indices were tested and are highly significant (data not shown).
Finally, we analyzed whether the same phenomenon is apparent for the 46 groups of four or more cooriented ORFs (see table 2 ). Figure 9 clearly shows a highly significant telomeric correlation indice (r = 0.83). This result has to be compared with the relative orientations of the groups of paired ORFs on their respective chromosomes.
In 44 out of 46 cases (except for duplication between chromosomes II and XVI and between chromosomes VII and XVI), the groups are identically oriented with regard to the telomere, and the same is true for 626 ORFs among 670 (93.4%). Furthermore, these apparent exceptions, concerning duplications between chromosomes II, VII, and XVI, can easily be re- The distances of some duplications to the telomere are indicated in italics (kb). a, The coduplications between chromosomes II, VII, and XVI in the present status: Two pairs of coduplicated blocks are in inverted orientation (shown by asterisks) with regard to their respective telomeres. b, A simple inversion of a segment of chromosome XVI (indicated by brackets) restores both the coorientation and the distances of the coduplicated blocks to their telomeres. We propose that this organization could be the ancient one of chromosome XVI. sequent inversion of a single fragment of chromosome XVI ( fig. 10 ).
Conclusion and Perspectives
Taken together, these data unambiguously demonstrate the importance of the telomeres in at least some of the processes leading to duplication events. Little is known about the nuclear organization except during mitotic or meiotic divisions. In situ immunofluorescence experiments have shown that the 64 telomeres of a yeast diploid cell are clustered into 5-8 foci (for a review, see Louis 1995) . This type of organization brings together nonhomologous chromatids and could allow chromosomal fragments located at comparable distances from their respective telomeres to preferentially interact. Whatever the mechanisms, these events have involved fragments that are widely variable in size and have been frequently followed by subsequent reshuffling. The fragments observed in the present genome represent the subset which has been conserved by selection. It is still unclear if these events have taken place in haploid and/ introduced in the general scheme if one imagines a subor diploid cells, or neither if particular phases of the cellular life are more favorable for these exchanges. Furthermore, this telomere-related process is not inconsistent with other mechanisms frequently evoked, such as illegitimate recombination or slippage during replication.
It should be remembered that the importance of the telomere has been described in maize by McClintock (195 1) in the Breakage-Fusion-Bridge (BFB) cycle mechanism.
This model, leading to the accumulation of inverted repeats, was more recently confirmed by fluorescent in situ hybridization (FISH) in the case of adenylate deaminase 2 (AMPD2) gene amplification in Chinese hamster cells (Toledo et al. 1992) . However, the resulting organization corresponds to head-to-head duplication, and therefore this mechanism seems not to account for the results presented here.
We are currently developing experimental models, particularly in yeast, to identify the main rules governing this telomeric-related exchange.
Furthermore, this process should be observable in all eukaryotes, as it relates to the chromosomal organization of the nucleus. We can therefore predict that it should be detected in the next complete eukaryotic genome to be published (C. elegans, A. thaliana), in spite of the existence in these organisms of introns making studies more difficult.
